Estimation of WHAM7 constants for GaIII, InIII, SbIII and BiIII from linear free energy relationships, and speciation calculations for natural waters by Tipping, Edward & Filella, Montserrat
© CSIRO 2019 
This version is available at https://nora.nerc.ac.uk/id/eprint/526611/ 
Copyright and other rights for material on this site are retained by the rights 
owners. Users should read the terms and conditions of use of this material at 
https://nora.nerc.ac.uk/policies.html#access  
This document is the authors’ final manuscript version of the journal 
article, incorporating any revisions agreed during the peer review 
process. There may be differences between this and the publisher’s 
version. You are advised to consult the publisher’s version if you wish 
to cite from this article. 
The definitive version is available at https://www.publish.csiro.au/ 
Article (refereed) - postprint 
Tipping, Edward; Filella, Montserrat. 2020. Estimation of WHAM7 constants 
for GaIII, InIII, SbIII and BiIII from linear free energy relationships, and 
speciation calculations for natural waters. Environmental Chemistry, 17 
(2). 140-147. https://doi.org/10.1071/EN19194  
Contact UKCEH NORA team at 
noraceh@ceh.ac.uk 
The NERC and UKCEH trademarks and logos (‘the Trademarks’) are registered trademarks of NERC and UKCEH in 
the UK and other countries, and may not be used without the prior written consent of the Trademark owner. 
Revision November 2019  1 
 
Estimation of WHAM7 constants for Ga(III), In(III), Sb(III) and Bi(III) from linear 1 
free energy relationships, and speciation calculations for natural waters 2 
 3 
Edward TippingA and Montserrat FilellaB 4 
 5 
ACentre for Ecology and Hydrology, Lancaster Environment Centre, Library Avenue, Bailrigg, 6 
Lancaster LA1 4AP, United Kingdom 7 
BDepartment F.-A. Forel, University of Geneva, Boulevard Carl-Vogt 66, CH-1205 Geneva, Switzerland 8 
 9 
Correspondence to: Dr Montserrat Filella 10 
Department F.-A. Forel 11 
University of Geneva 12 
Boulevard Carl-Vogt 66 13 
CH-1205 Geneva 14 
Switzerland 15 
   montserrat.filella@unige.ch     16 
Revision November 2019  2 
 
Abstract.  We compiled equilibrium constants for the interactions of the technology-critical elements 17 
(TCEs) Ga(III), In(III), Sb(III) and Bi(III) with ammonia, fluoride, hydroxyl, and ligands with oxygen atoms. 18 
We then combined them with predictive equations to estimate parameters for Humic Ion-Binding 19 
Model VII, which permits the calculation of metal binding by natural organic matter (fulvic acid, FA, 20 
and humic acid, HA). Derived values of the Model VII parameter quantifying the interaction of metal 21 
ions with carboxyl-type groups (log KMA) were among the highest estimated so far, as were the values 22 
for the parameter (ΔLK2) that quantifies the tendency of the metal ion to interact with softer ligand 23 
atoms (N and S). The Windermere Humic Aqueous Model, version 7 (WHAM7), which incorporates 24 
Model VII was then used to estimate the chemical speciation of each TCE element.  25 
 26 
 27 
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Introduction 30 
Trace elements, including the PGE (platinum group elements), REE (rare earth elements), and others 31 
like Nb, Ta, Ga, In, Ge and Te, are often referred to as technology-critical elements or TCEs. The rate 32 
of their production and utilization has particularly increased through their use in high-tech 33 
applications. The possible environmental and (eco)toxicological implications of this trend should be 34 
considered. An important control on their environmental behaviour may be binding by natural organic 35 
matter, but for most of the TCEs we lack data data describing metal-organic matter interactions, for 36 
example by models such as WHAM (Tipping 1994, 2002), and NICA-Donnan (Kinniburgh et al. 1996; 37 
Milne et al. 2003).  38 
The latest Humic Ion-Binding Model, version VII (Tipping et al. 2011) used with WHAM has two 39 
parameters to quantify the binding of each metal by humic substances. The first is log KMA, the 40 
logarithm of the average binding constant for stronger weak acids (typically carboxyl), and the second 41 
is ΔLK2, which accounts for enhanced binding strength due to interactions with softer ligand atoms (N 42 
and S). Values of log KMA have been derived mainly from measured laboratory data; the 43 
parameterisation of Model VII used about 17,000 measured data points (pairs of bound and free metal 44 
ion concentrations) to describe the binding of protons and 40 metals by isolated fulvic and humic acids 45 
(FA and HA). Values of ΔLK2 are, however, set from a linear equation involving the equilibrium constant 46 
for binding of the metal to NH3 (KNH3). 47 
The question then arises, how to estimate model parameters for metals for which there is little or no 48 
direct binding data for humic substances, or for which there is no KNH3. Tipping et al. (2011) applied 49 
the approach and findings of Carbonaro and Di Toro (2007) to analyse the Model VII results, by plotting 50 
log KMA against αO, the slope of the equation of Irving and Rossotti (1956) for monodentate ligands 51 
with oxygen donor atoms (see Fig. 1). This provides a way to estimate log KMA if equilibrium constants 52 
for the binding of the metal by such ligands are available. If there are no KNH3 values for the metal, 53 
then the equation of Hancock and Martell (1996), which relates log KNH3 to a linear equation involving 54 
log KOH and log KF (constants for metal binding by OH- and F-), might be applied. 55 
In the present work, we describe the derivation of Model VII constants for three trivalent metals (Ga, 56 
In, Bi) and the metalloid Sb (referred to hereafter as a metal for ease of exposition) that are classified 57 
as technology-critical (Gunn 2014, Hayes and McCullough 2018). This kind of exercise has been done 58 
previously for one of the metals studied here, In (III), by Tessier (2014), and for some other metals by 59 
Stockdale et al (2011). After deriving the parameters, we used them within the speciation code 60 
WHAM7 (https://www.ceh.ac.uk/services/windermere-humic-aqueous-model-wham) to estimate 61 
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how the metals are distributed among different chemical species in some representative natural 62 




Chemical speciation calculations were performed using WHAM 67 
(https://www.ceh.ac.uk/services/windermere-humic-aqueous-model-wham) incorporating Humic 68 
Ion-Binding Model VII (Tipping et al. 2011). This modelling takes into account the competitive 69 
complexation of protons, major and trace cations, by organic and inorganic ligands, together with ionic 70 
strength effects. 71 
The following is a brief description of Model VII. For detailed information about the assumptions of 72 
the model and the construction of its database, see Tipping (1998, 2002), Tipping et al. (2011). The 73 
model uses a structured formulation of discrete, chemically-plausible, binding sites for protons in 74 
humic and fulvic acids (HA, FA), in order to allow the creation of regular arrays of bidentate and 75 
tridentate binding sites for metals. The proton-binding sites comprise two types, A and B, the former 76 
being relatively strong acids (mainly carboxyl groups) and the latter relatively weak (e.g. phenolic). 77 
The A and B sites have ranges of values, to represent heterogeneity. Metal aquo ions (Al3+, Cu2+, Zn2+ 78 
etc.) and their first hydrolysis products (AlOH2+, CuOH+, ZnOH+ etc.) compete with each other, and with 79 
protons, for binding. The same intrinsic equilibrium constant (KMA) for binding to type A groups is 80 
assumed to apply to the aquo ion and its first hydrolysis product. The constant (KMB) for binding to 81 
type B groups has a fixed mathematical relationship to KMA. The contributions to metal binding from 82 
rarer “soft” ligand atoms are factored in via the model constant LK2 (see equation 4 below) . The 83 
intrinsic equilibrium constants are modified by empirical electrostatic terms that take into account the 84 
attractive or repulsive interactions between ions and the charged macromolecule. Model parameters 85 
have been derived by fitting numerous equilibrium binding data for protons and 40 metals. 86 
In WHAM7, the Model VII is combined with an inorganic speciation model, the species list and 87 
constants for which were given by Tipping (1994). The inorganic reactions in this database are 88 
restricted to monomeric complexes of metals. In the present work, we added species and constant 89 
for the four TCEs. The effects of ionic strength on the inorganic reactions are taken into account using 90 
the extended Debye-Hückel equation. Temperature effects on reactions between inorganic species 91 
are taken into account using published or estimated enthalpy data, but in the absence of experimental 92 
information, reactions involving humic substances are assumed to be independent of temperature. 93 
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The WHAM7 software also allows uncertainty in outputs to be estimated, by assigning ranges of values 94 
to the constants for metal binding by humic substances (i.e. log KMA and LK2). 95 
Linear free–energy relationships 96 
To estimate KMA for the four TCEs, we applied the following equations, which were derived by Tipping 97 
et al. (2011) by linear regression of fitted results for the binding of divalent and trivalent cations by FA 98 
and HA.  99 
log KMA,FA = 3.81O  + 0.37     (1) 100 
log KMA,HA = 3.51O + 0.74     (2) 101 
Values of O were obtained by plotting the logarithms of the equilibrium constants for metal binding 102 
by ligands with oxygen donor atoms (KML) against the logarithms of the corresponding equilibrium 103 
constants for proton binding (KHL) , forcing the lines through the origin, see Fig. 1. 104 
By definition within Model VII, the value of ΔLK2 for each metal is given by 105 
LK2 = 0.58 log KNH3      (3) 106 
If KNH3 is not available from direct measurement or published estimation, it can be estimated from 107 
the following equation, due to Hancock and Martell (1996) 108 
log KNH3 = 0.881 log KOH – 1.08 log KF     (4) 109 
This was derived from the Drago et al. (1971) equation, which predicts complexation constants in 110 
terms of the electrostatic, covalent and steric properties of Lewis acids and bases. 111 
Data 112 
We checked general non-critical (IUPAC) and critical databases (Baes and Mesmer 1976; 113 
www.nist.gov/srd/nist46) and, when possible, critical evaluations (Tuck 1983; Lothenbach 1999; Filella 114 
and May 2003, 2005; Wood and Samson 2006; Kitamura 2010). We consulted original publications 115 
when needed. Unfortunately, data for many of the reactions are missing, and available published data 116 
are sparse. 117 
When possible, we obtained the required equilibrium constant values by processing the 118 
thermodynamic parameters of chemical reactions to achieve overall consistency using JESS 119 
((http://jess.murdoch.edu.au/jess_home.htm). JESS allows the ready calculation of sets of reliable 120 
equilibrium constants from all reaction data previously accumulated from the literature (May and 121 
Rowland 2018). The procedure involves an ordered Gaussian elimination to determine the so-called 122 
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‘basis species’ together with the linear combinations of reactions that are used to describe the whole 123 
chemical system. The ordering of the reactions depends on ‘weights’ assigned during compilation to 124 
each datum for the conditional equilibrium constants. Estimates of the relevant standard 125 
thermodynamic quantities (i.e. at 1 bar and infinite dilution), at 25 oC, are determined by least-squares 126 
regression using a well-established function (May 2000) based on the IUPAC-recommended specific 127 
ion interaction theory (SIT) equation to express, where possible, the effects of activity coefficient 128 
change. Where the original references are not given in the text below, they can be obtained from the 129 
JESS website. 130 
Equilibrium constants for single oxygen organic ligands needed to apply the Carbonaro and Di Toro 131 
(2007) approach were obtained from the scarce published values (Sundén 1953; Wojtas 1975; Skorik 132 
and Artish 1985; Kulshahrestha et al. 1987; Erim et al. 1990) with JESS. They are shown in Table 1. For 133 
the four metals studied here, the numbers of single oxygen organic ligands with binding data were 134 
generally fewer than those for the metals studied by Carbonaro and Di Toro (2007), although the latter 135 
authors also found only a few ligands for some metals. 136 
Hydrolysis constants for Ga and In were taken to be the values recommended by Wood and Samson 137 
(2006). Values for Sb were from JESS, and those for Bi were taken from Kitamura et al. (2010). Values 138 
are shown in Table 2. It should be noted that Sb(III) exists predominantly as Sb(OH)3 over a wide pH 139 
range (2-10) and it could be a matter of discussion whether the Sb3+ species really exists in solution. 140 
Lothenbach et al. (2000) considered it “probable” that Sb3+ exists at low pH because the only published 141 
values for the first hydrolysis constant (Antonovich et al. 1977) agree well with results from Bond 142 
(1970) and Bond and Waugh (1070). Thus, we have included it in our study. 143 
The equilibrium constants for the formation of GaF2+ and InF+ were taken from JESS, for SbF2+ the value 144 
given by Lothenbach et al. (2010) was preferred. For BiF2+ the JESS value was used, based on the only 145 
two published values (Loman and van Dalen 1967; Bond 1969). Values are shown in Table 2. 146 
Equilibrium constants for the formation of InCl2+, InCl2+ and InCl3 were those recommended by Wood 147 
and Samson (2006), those for BiCl2+, BiCl2+ and BiCl3 were from Kitamura et al. (2010). For SbCl2+ the 148 
value calculated by the JESS was used. We could not find a reliable value for GaCl2+, and therefore it 149 
was approximated using the Drago et al. (1971) equation (see above), using parameter values given 150 
by Martell and Hancock (1996). Equilibrium constants for the higher complexes of Ga3+ and Sb3+ with 151 
Cl- were approximated by proportion to the values for In3+ and Bi3+. Values are shown in Table 2. 152 
For Ga, In and Bi, values of log KNH3 were obtained from (a) the estimates of Martell and Hancock 153 
(1996), based on the relationship between log KNH3 and the difference between the logarithms of the 154 
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constants for complexation by iminodiacetate and oxydiacetate (Mulla et al., 1985), and (b) from 155 
equation (4), and then averaged. For Sb(III), only the value from equation (4) could be obtained. 156 
The evaluation of the quality of the equilibrium constants chosen is a difficult task. It is important to 157 
note that there is not a generally accepted quality criteria in the field of equilibrium constants 158 
(Hummel et al. 2019); even in well-known critical equilibrium databases, sometimes formal quality 159 
assessment guidelines are lacking or rely on subjective criteria. However, irrespective of the criteria 160 
applied, assessing the formation of a given chemical species and providing a robust value for the 161 
corresponding equilibrium constant always require the existence of a number of independent studies 162 
on the system. When this is not the case, as for most of the systems considered here, it is not possible 163 
to effectively evaluate the likely accuracy of the data. Please note that, to avoid round-off errors, 164 
values in tables 1, 2, and 4 are given to a certain number of significant figures that do not necessarily 165 
reflect their accuracy, which might be 1 or 2 orders of magnitude worse than the stated precision. 166 
However, it is important to stress that, in spite of their limitations, we consider existing data adequate 167 
for the purpose of this study. 168 
 169 
Calculations for natural waters 170 
Generic compositions for some natural waters are shown in Table 3. We assumed that dissolved 171 
organic matter is 50% carbon, with 65% of sites active with respect to cation binding, represented by 172 
fulvic acid, FA (Bryan et al. 2002). Thus, DOC concentrations of 1 and 10 mg L−1 correspond to FA 173 
concentrations of 1.3 and 13.0 mg L−1 for speciation modelling. We investigated competition by 174 
dissolved Al and Fe(III) species for metal binding by organic matter (see Tipping et al. 2002; Lofts et al. 175 
2008) by comparing results with and without equilibrium with Al(OH)3 and Fe(OH)3, for freshwaters, 176 
and for seawaters by comparisons with and without average dissolved concentrations (Stockdale et 177 
al. 2011a).  178 
We did not take into account complexation by fluoride or phosphate species, since they will not always 179 
be significant in speciation. Neither did we try to estimate complexation by carbonate or sulphate 180 
species, since equilibrium constants for the metals in question are mostly lacking. Thus, the 181 
calculations take account of solution reactions with OH-, Cl-, and dissolved organic matter (DOM). Since 182 
enthalpy data for the complexation reactions are not available, we assumed a temperature of 25oC 183 
for the calculations.  184 
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We assumed total dissolved concentrations of Ga, In, Sb and Bi all to be 0.1 nM, which is a rounded 185 
representative value based on the average freshwater values in the FOREGS database 186 
(http://weppi.gtk.fi/publ/foregsatlas/maps_table.php). 187 
Output errors due to uncertainty in parameter values were estimated with the WHAM software (Lofts 188 
and Tipping 2011). 189 
 190 
Results 191 
Irving-Rossotti plots of the data for the four metals, using the data of Table 1 and the log KOH values 192 
for the first hydrolysis product (Table 2), are presented in Fig. 1. For Bi, only log KOH was available, and 193 
so its Irving-Rossotti slope (O) is less certain; however, the log KOH values for the other metals lie close 194 
to the regression lines (Fig. 1), suggesting that log KOH alone provides a reasonable estimate of O. The 195 
derived values of log KMA for FA and HA using equations (1) and (2) are given in Table 4. Also shown in 196 
Table 4 are the values of ΔLK2 obtained by applying equation (3) using the log KNH3 values of Table 2. 197 
Comparisons of the log KMA FA and ΔLK2 values with those for other metals are displayed in Fig. 2.  198 
Errors in the log KMA values arise firstly from uncertainties in the O values (Fig. 1), and secondly from 199 
scatter in the relationship between log KMA and O in equations (1) and (2). From linear regression 200 
analysis for each metal (Fig. 1), the average error (95% confidence interval) in O was ± 0.15. The data 201 
from which the parameters in equations (1) and (2) were derived were plotted in Fig. 3 of Tipping et 202 
al. (2011). From linear regression analyses of these data, the average error (95% confidence interval) 203 
in the prediction of log KMA from O was found to be ± 0.2 for log KMA,FA and ± 0.3 for log KMA,HA. We 204 
combined these errors for the four TCEs studied here, and assigned overall average errors of ± 0.4 and 205 
± 0.5 respectively for the derived  log KMA,FA and log KMA,HA values. Errors in ΔLK2 have not been 206 
considered previously because a single value of log KNH3 was used for each estimation. The same 207 
applies to Sb here, but we used the average of two estimates of log KNH3 for Ga, In and Bi, and from 208 
these an average error of ± 0.15 in ΔLK2 can be estimated.  209 
From the model outputs for natural water calculations (Table 5, Table S1), the following conclusions 210 
can be drawn:  211 
(i) For SbIII and BiIII, nearly all the metal (> 99.5%) is complexed by DOM in all the natural waters 212 
considered. This also applies to InIII in the soft freshwaters (A, B, C, D), but InIII complexation 213 
by DOM is less complete in the hard freshwaters and seawater. Of the four TCEs, GaIII displays 214 
the weakest binding to DOM.   215 
(ii) In all four cases, metal not bound by DOM is complexed by OH-; complexation by Cl- is 216 
negligible in all cases. 217 
(iii) Free ion concentrations are all calculated to be small, the highest value being 10-18.1 for In3+ in 218 
a soft freshwater, the lowest being 10-40.9 for Sb3+ in a hard freshwater. 219 
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(iv) When significant binding by DOM occurs, there is substantial uncertainty in the calculated 220 
concentrations, reflecting the ranges of the Model VII parameter values. The uncertainties are 221 
shown in detail in Table S1. The uncertainty in the metal free ion concentration approaches 222 
four orders of magnitude in a few cases. This does not apply when the speciation is dominated 223 
by inorganic complexes, because the modelling did not include uncertainties in the 224 
thermodynamic constants for these reactions. 225 
(v) Competition by Al and FeIII can be substantial. It appreciably decreases the complexation of 226 
GaIII by DOM, and increases free metal ion concentrations of all the TCE metals, by five to eight 227 
orders of magnitude, in soft freshwaters. 228 
 229 
Discussion 230 
The four metal species studied here have high equilibrium constants for reactions with monovalent 231 
oxygen-containing ligands (Table 1) and with OH- (Table 2), and therefore we calculate high values of 232 
the Model VII parameter log KMA for each of them via equations (1) and (2). The log KMA values are 233 
averages for the binding of the metals by the type A groups assumed in the model; these are typically 234 
carboxyl groups, which are abundant in humic substances and natural organic matter in general. The 235 
high estimated affinities of the metals for the type A groups mean that the log KMA values fall at the 236 
upper end of the distribution of the parameter across all metals (Fig. 2); the four trivalent TCE metals 237 
are all in the top eight strongest binders to FA. 238 
Similar remarks apply to the Model VII ΔLK2 parameter, which is proportional to the equilibrium 239 
constant for the complexation of the metal by NH3. As shown by the equilibrium constants listed in 240 
Table 2, each of the four metals binds NH3 strongly. Hence ΔLK2 values are high, and again the four 241 
values fall within the top eight of the distribution for all metals (Fig. 2). 242 
Our analysis has been very similar to that reported by Tessier et al. (2014), who estimated parameters 243 
for Humic Ion Binding Model VI. The parameter values for metal binding by the type A groups in the 244 
two models are not comparable, due to different model formulations. The value found by Tessier et 245 
al. for ΔLK2 was 2.2, very similar to our value of 2.24 (Table 4). 246 
The calculations for natural waters are restricted and necessarily tentative considering the 247 
assumptions we have made, i.e. the neglect of interactions with carbonate, sulphate, fluoride and 248 
phosphate, and the assumption of a temperature of 25oC. But hopefully they provide some initial 249 
insight into how these metals would behave in the natural environment. They suggest that significant 250 
binding of the four TCE metals by dissolved organic matter would take place in soft waters of pH 6, 251 
and that competition by Al and Fe(III) would be significant. Tipping et al. (2002) noted that such 252 
competition effects are especially strong for high affinity trace metals present at low total 253 
concentrations, which is the case here; at higher concentrations of the TCEs, competition would be 254 
less. The calculations suggest that at higher pH (hard freshwater and seawater) the strong hydrolysis 255 
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of the TCE metals means that binding by DOM is reduced, and is negligible in some circumstances. Our 256 
finding that most or essentially all of the In(III) is complexed by DOM in soft freshwaters is in 257 
agreement with the speciation calculations, using WHAM6, of Tessier et al. (2014). 258 
The low calculated binding of GaIII, and to some extent the lower binding of InIII, by DOM at higher pH 259 
depend crucially on the modelling assumption that only the first hydrolysis product of any metal can 260 
bind to natural organic matter. This has been assumed in the development of the WHAM modelling 261 
system, ever since the introduction of Humic Ion Binding Model V, and was based initially on the 262 
superior fitting of CuII data at pH > 7 that could be achieved using the assumption. Otherwise, 263 
experimental data nearly always refer to conditions in which hydrolysis is avoided or minimised, and 264 
so the idea is not well tested. That it is not obviously wrong is evidenced by the results of Stockdale et 265 
al. (2013) who found that the binding by humic acid of ThIV, which hydrolyses strongly, at high pH 266 
could be reasonably modelled under the assumption of binding only of Th4+ and ThOH3+. 267 
The constants estimated here for the binding of Ga(III), In(III), Sb(III) and Bi(III) by humic substances, 268 
obtained through the application of empirical non-thermodynamic relationships, are inevitably more 269 
uncertain than values derived from direct measurements of metal binding. Consequently speciation 270 
predictions for the four metals can only be approximate, as demonstrated by the wide ranges of 271 
predicted free metal ion concentrations and solution species presented in Table S1. Therefore the 272 
predictions must be regarded with due circumspection, and are perhaps best-regarded as scoping 273 
calculations which suggest possible behaviours of the metals in different environmental systems.  274 
To reduce uncertainty, there is a need for comprehensive data describing the interactions of these 275 
TCEs with humic substances or DOM, in terms of bound and free concentrations, covering wide ranges, 276 
and under different conditions of pH and ionic strength. Studies to clarify the calculated competition 277 
between binding and hydrolysis would be especially welcome. However, measurement of the binding 278 
to humic substances of metals like those studied here is difficult, because free ion concentrations are 279 
small, owing to both the humic binding and extensive hydrolysis. The necessary speciation 280 
measurements therefore present a considerable analytical chemistry challenge. Until appropriate 281 
methodologies are devised and applied, constants for many strongly-complexing metals will have to 282 
be estimated by the methods used here, as illustrated by the black bars in Fig. 2. 283 
Finally, we can use the constants derived here to consider the possible ecotoxicology of the four TCEs. 284 
From the study of Tipping et al. (2019) it would not be expected that any of the four metals would be 285 
strongly toxic, when bound to aquatic organisms, because they are classified as either hard (Ga, In) or 286 
borderline / intermediate (Sb, Bi) in the hardness-softness scale (Hancock and Martell, 1996), whereas 287 
the most toxic bound metals (e.g, Ag, Cd, Hg) are soft. The extent to which the metals can bind to 288 
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organisms, and thereby create a metabolic body burden, is important, and may be restricted by the 289 
competing hydrolysis reactions (see above). These considerations may explain why the median lethal 290 
concentration (96-h LC50) of Ga, Sb, and In were each greater than 1 mg L-1, indicating relatively low 291 
toxicity, while those of Cu and Cd were less than 0.1 mg L-1, in acute toxicity tests with a freshwater 292 
swamp shrimp in moderately hard water with pH 7.4 – 8.1 (Yang 2014). Further work in this area might 293 
make use of the present results. 294 
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Table 1. Constant values for organic compounds with single oxygen ligand atoms, at I = 0 mol L-1 M 412 
and T = 25 oC. Values were taken from the JESS database, and extrapolation to I = 0 mol L-1 using the 413 
modified SIT equation (see Methods, Data). No values were available for Bi(III). 414 
 415 
Ligand H+ Ga(III) In(III) Sb(III) 
Acetate 4.76 3.28 3.80 7.90 
Formate 3.75  3.55 5.50 
Glycolate 3.86 4.14 3.79  
Nitrite 3.20 3.01 3.50  
Propanoate 4.90  3.90 7.60 
  416 
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Table 2. Logarithms of equilibrium constants for reactions with inorganic ligands. M + nL = MLn. Values 417 
were taken from the references given in the text (Methods, Data), or approximated (values in italics) 418 
from empirical relationships.  419 
 420 
Ligand n Ga(III) In(III) Sb(III) Bi(III) 
OH- 1 11.1 10.0 15.2 13.1 
 2 20.7 20.2 29.3 25.4 
 3 30.1 29.6 42.0 33.1 
 4 40.3 33.9 44.3 34.3 
F- 1 5.40 4.70 7.21 5.06 
Cl- 1 3.36 2.75 3.35 3.61 
 2 5.26 4.37 5.24 5.56 
 3 6.30 5.00 6.28 6.98 
NH3 1 4.03 3.87 5.60 5.53 
  421 
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Table 3. Generic natural water compositions; FW freshwater, SW seawater. The Al and Fe(III) 422 
concentrations in FW-B, FW-D FW-F and FW-H are in equilibrium with the solid phases Al(OH)3 and 423 
Fe(OH)3. 424 
Solute Unit FW-A FW-B FW-C FW-D FW-E FW-F FW-G FW-H SW-A SW-B 
pH  6 6 6 6 8 8 8 8 8.2 8.2 
DOC mg L-1 1 1 10 10 1 1 10 10 1 1 
Na mmol L-1 0.1 0.1 0.1 0.1 5 5 5 5 468 468 
Mg mmol L-1 0.02 0.02 0.02 0.02    0.5    0.5    0.5    0.5 53 53 
K mmol L-1 0.01 0.01 0.01 0.01 0.1 0.1 0.1 0.1 10 10 
Ca mmol L-1 0.04 0.04 0.04 0.04 1.5 1.5 1.5 1.5 10 10 
Cl mmol L-1 0.1 0.1 0.1 0.1 5.0 5.0 5.0 5.0 545 545 
SO4 mmol L-1 0.05 0.05 0.05 0.05 1.0 1.0 1.0 1.0 28 28 
pCO2 atm × 103 1 1 1 1 1 1 1 1 0.35 0.35 
Al μmol L-1 0 0.76 0 7.3 0 0.54 0 0.54 0 0.01 
Fe(III) μmol L-1 0 0.074 0 0.72 0 0.017 0 0.16 0 0.001 
  425 
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Table 4. Model VII constants, derived in this work. 426 
Metal log KMA HA log KMA FA ΔLK2 
Ga(III) 3.57 3.44 2.33 
In(III) 3.43 3.29 2.24 
Sb(III) 4.96 4.95 3.25 
Bi(III) 4.02 3.93 3.21 
  427 
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Table 5. Calculated speciation results for generic natural waters, with total Ga(III), In(III), Sb(III) and 428 
Bi(III) concentrations of 0.1 nM. See Table 3 for pH and major solute concentrations. Key: log [FI] = 429 
logarithm of free ion concentration, fr DOM = fraction of metal bound to DOM, fr OH = fraction of 430 
metal bound to OH-. 431 
 432 
Metal Variable FW-A FW-B FW-C FW-D FW-E FW-F FW-G FW-H SW-A SW-B 
Ga(III) log [FI] -24.02 -18.99 -26.23 -19.95 -26.23 -26.00 -27.13 -26.00 -26.27 -26.26 
 fr DOM 1.00 0.82 1.00 0.98 0.41 0.00 0.93 0.01 0.02 0.00 
 fr OH 0.00 0.18 0.00 0.02 0.59 1.00 0.07 0.99 0.98 1.00 
           
 
In(III) log [FI] -23.42 -18.06 -25.64 -19.10 -25.26 -22.30 -26.51 -23.28 -24.01 -22.50 
 fr DOM 1.00 1.00 1.00 1.00 1.00 0.91 1.00 0.99 1.00 0.95 
 fr OH 0.00 0.00 0.00 0.00 0.59 1.00 0.00 0.01 0.00 0.05 
           
 
Sb(III) log [FI] -37.80 -31.35 -40.02 -32.44 -39.64 -35.99 -40.89 -37.06 -38.39 -36.80 
 fr DOM 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
 fr OH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
           
 
Bi(III) log [FI] -30.87 -24.50 -33.09 -25.59 -32.71 -29.09 -33.97 -30.16 -31.47 -29.87 
 fr DOM 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 
  fr OH 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
  433 
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Figure captions 434 
Fig. 1. Irving-Rossotti plots of log KML (metal binding) vs log KHL (proton binding) for single oxygen 435 
ligands. Regressions are forced through (0,0). The Irving-Rossotti slopes (αO) are shown in each panel. 436 
Fig. 2. Ranking of values of log KMA for FA and LK2 (applies to both FA and HA). The black bars show 437 
data estimated by the methods used here, and include results for six metals (NpO2, Pd, Pu(IV), PuO2, 438 
Sn, U(IV)) reported by Stockdale et al. (2011).   439 
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